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A microactuator array device, which includes a plurality 
of generally parallel thin flexible polymer sheets bonded 
together in a predetermined pattern to form an array of unit 
cells on at least one layer. Thin conductive and dielectric 
films are deposited on the sheets to form a plurality of 
electrodes associated with the array of unit cells. A source of 
electric potential operably connects the electrodes, whereby 
electrostatic forces are generated most intensely proximate 
the point where the gap between the sheets is smallest 
Inlets and outlets for each cell permit displacement of fluid 
during generation of the electrostatic forces. In a preferred 
embodiment, the plurality of sheets forms a stack of layers 
of arrays of unit cells. The layers are configured such 
that bi-directional activation is caused by pairs of actuators 
working opposite each other. At least one of every pair of 
the sheets may be preformed into corrugations or into flaps to 
provide a predetermined mechanical bias between the pairs, 
or the sheets may form curved portions by an applied load 
to provide a displacement between the pairs. The sheets are 
preferably from about 1 /im to about 100 nm thick and the 
cells preferably have an individual displacement of from about 
5 fim to about 200 fim. 



Power 



Control 




Dielectrfo 
Coating 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 

AM 

AT 

AU 

AZ 

BA 

BB 

BE 

BF 

BG 

BJ 

BR 

BY 

CA 

CF 

CG 

CH 

CI 

CM 

CN 

CU 

cz 

DE 
OK 



Albania 

Armenia 

Austria 

Australia 

Azerbaijan 

Bosnia and Herzegovina 

Barbados 

Belgium 

Burkina Faso 

Bulgaria 

Benin 

Brazil 

Belarus 



Central African Republic 

Congo 

Switzerland 

Cdte d'lvoire 

Cameroon 

China 

Cuba 

Czech Republic 
Germany 
Denmark 
Estonia 



ES 


Spain 


LS 


Lesotho 


SI 


FI 


Finland 


LT 


Lithuania 


SK 


FR 


France 


LU 


Luxembourg 


SN 


GA 


Gabon 


LV 


Latvia 


sz 


GB 


United Kingdom 


MC 


Monaco 


TO 


GE 


Georgia 


MB 


Republic of Moldova 


TG 


GH 


Ghana 


MG 


Madagascar 


TJ 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


GR 


Greece 




Republic of Macedonia 


TR 


HU 


Hungary 


ML 


Mali 


TT 


IE 


Ireland 
Israel 


MN 


Mongolia 


UA 


IL 


MR 


Mauritania 


UG 


IS 


Iceland 


MW 


Malawi 


• US 


IT 


Italy 


MX 


Mexico 


uz 


JP 


Japan 


NE 


Niger 


VN 


KE 


Kenya 


NL 


Netherlands 


YU 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


KP 


Democratic People's 


NZ 


New Zealand 






Republic of Korea 


PL 


Poland 




KR 


Republic of Korea 


FT 


Portugal 




KZ 


Kazakstan 


RO 


Romania 




LC 


Saint Lucia 


RU 


Russian Federation 




U 


Liechtenstein 


SD 


Sudan 




LK 


Sri Lanka 


SE 


Sweden 




LR 


Liberia 


SG 


Singapore 





Slovenia 

Slovakia 

Senegal 

Swaziland 

Chad 

Togo 

Tajikistan 

Turkmenistan 

Turkey 

Trinidad and Tobago 

Ukraine 

Uganda 

United States of America 

Uzbekistan 

Viet Nam 

Yugoslavia 

Zimbabwe 



WO 00/39914 



PCT/US99/28066 



POLYMER MICROACTUATOR ARRAY 
WITH MACROSCOPIC FORCE AND DISPLACEMENT 

FIELD OF THE INVENTION 

The present invention relates to microactuators having macroscopic force and 
displacement. More particularly the invention relates to microactuators comprising a 3- 
D array of small actuator cells which are formed from plastic sheets provided with 
electrodes and stacked. 

BACKGROUND OF THE INVENTION 

Most microactuator arrays, used as MEMS devices, are fabricated in silicon.' 
Despite the many favorable attributes of silicon, however, it is not always a suitable or 
ideal material for every application of MEMS. Silicon is brittle and subject to breaking, 
particularly as the total device size increases. This brittleness limits devices, especially 
actuators, to relatively small sizes capable of only small displacements and forces. The 
shapes that can be realized in silicon are typically restricted by crystalline planes or 2-D 
fabrication processes, and more complicated structures often result in prohibitively high 
cost and low yield. 

It would be of great advantage to the art if another material, other than silicon, 
could be used for MEMS and actuators. 

It would be another great advance in the art if the material would not be brittle 
and subject to breaking, thus not limiting the size and therefore the displacement and 
force of the final device. Other advantages will appear hereinafter. 

SUMMARY OF THE INVENTION 

It has now been discovered that the above and other advantages of the present 
invention may be realized in the following manner. Specifically, the present invention 
comprises a microactuator capable of macroscopic forces and displacements suitable for 
many "real world" applications. 

The invention contemplates the formation of a 3-D array of small actuator cells, 
each of which is capable of a small force and small displacement. When coupled or 
ganged together, either in parallel, in series, or both, the resultant array is capable of 
generating macroscopic forces and displacements simultaneously. 

In the present invention, position resolution is as small as the displacement of 
the smallest unit cell or cells in the array. Actuation is accomplished electrostatically, 
using the attraction at the smallest gap between electrodes to produce a "rolling" motion 
in the cells. The invention may be operated. 
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Key to the invention is the use of polymer materials rather than silicon, as silicon 
is not capable of being formed into the present device. A resulting lightweight, easily 
fabricated, low cost device is the result of the present invention. 

The microactuator array device of this invention is formed from a plurality of 
5 generally parallel thin flexible polymer sheets bonded together in a predetermined 
pattern to form an array of unit cells on the various layers. Thin layers of conductive 
films and dielectric materials are deposited on the sheets to form a plurality of 
electrodes associated with the array of unit cells in a conventional manner. 

Inlets and outlets are used during generation of electrostatic forces. 
10 A source of electric potential operably connects the electrodes whereby adjacent 

layers of electrodes are biased with respect to each other to generate electrostatic action. 
Electrostatic actuation is a pull type action, so pairs of actuators work with each other to 
accomplish bi-directional activation. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the invention, reference is hereby made to 
the drawings, in which: 

Figure 1 is a schematic view, partially cut away and in section, showing a first 
embodiment of the present invention; 
20 Figure 2 is a schematic view, partially cut away and in section, showing a 

second, related embodiment of the present invention; 

Figure 3 is a graphical illustration of force per unit cross section for three 
polymer sheet thicknesses. 

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides an improved, low power microactuator array 
having significantly greater macroscopic force and displacement than heretofore 
possible in silicon based MEMS devices. This is accomplished by the use of polymers 
as a class of materials for forming actuators of the type described herein. Polymers 

30 possess a wide range of properties, most of them being complimentary to silicon. In the 
present invention environment, polymers are not brittle and do not break under the 
forces generated by the devices of this invention. For this reason, actuators are not 
limited to small sizes with small displacement and force. 

The resulting arrays are fully 3-D in realization, due to the many fabrication 

35 techniques available now in polymer technology. Since polymers are lightweight, 
having a typical density in the range of lg/cm 3 , essentially the same as water, they are * 
considerably lighter than typical inorganic materials such as silicon. This gives the 
present invention a power to mass ration which compares favorably with other systems, 
such as, for example, biological systems. 
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The key features of the present invention and the application of polymer 
technology to fabrication of a family of MEMS actuators not possible heretofore with 
traditional silicon micromachining is the generation of large forces and displacements 
with actuation from low power electrostatic arrays that spatially separate the high force 
and high deflection regions. Force and displacement are multiplied by the use of a 3-D 
array of unit cells. Additionally, the uniformity and simplicity of the individual parts 
translates into a cost effective fabrication process, using many standard polymer 
processing techniques. These techniques may have to be refined to meet more 
demanding requirements of the present technology. 

One embodiment of the present design is shown in Fig. 1, while a similar 
embodiment is illustrated in Fig. 2. Construction of both embodiments, as well as other 
forms of the present invention, begins with polymers formed into thin sheets. The sheets 
are preferably from about 1 urn to about 100 urn thick, and the cells preferably have an 
individual displacement of from about 5um to about 200 urn. 

It- is only required that the sheets be flexible and not brittle, properties found in 
many polymers. One particularly useful polymer is the polyimide sold as KAPTON®, 
(registered trademark of E. I. du Pont de Nemours & Co., Wilmington, Delaware). 
Others include KALADEX® (registered trademark of ICI Films, Wilmington, 
Delaware) and MYLAR® (registered trademark of E. I. du Pont de Nemours & Co., 
Wilmington, Delaware), or any flexibly elastic polymer that permits it to deform as 
described herein. Fabrication of the sheets may be based, in part, upon technology 
developed for keyboard and flexible circuits that are produced in huge quantities, 
making the process well optimized. Preferred sheets are made from polymer films such 
as KAPTON® or MYLAR® (registered trademark of E. I. du Pont de Nemours & Co., 
Wilmington, Delaware), or different polymers that are or become commercially 
available. The invention also contemplates the use of conductive polymers with a 
dielectric, thus eliminating the need for separate electrodes in this embodiment. 

As seen in Figs. 1 and 2, a polymer-based microactuator array 11, generally, 
comprises a plurality of polymeric sheets 13. In Fig. 1, alternating sheets 15 are flat, 
although this is not necessary for the purposes of this invention, and alternating sheets 
17 are corrugated. Having one flat sheet 15 results in larger forces, while corrugated 
sheets 17 are more flexible. In Fig. 2, alternating with flat sheets 15 are sheets 19 
formed in parallel rows of flaps 21. In any form of the present invention, the sheets 13 
may be preformed with a specific curvature, such as corrugations 17 or flaps 21, or left 
flat to be curved by the applied load during use, depending upon design considerations 
and the final use of the microactuator array being contemplated. 

In all applications, the sheets 13 are bonded together at specific points 23, 
forming an array of unit cells 25 in Fig. 1 or cells 27 in Fig. 2. Each cell 25, or 27 or 
those formed by or under an applied ioad during use, produces a small force and small 
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displacement. The total force is the sum of the forces from all unit cells on the sheet. 
Sheets of unit cells are then stacked, such as 15a, 15b, etc. in Fig. 1. The total 
displacement is the sum of the displacements of each layer in the stack. 

Layers in the stack may be actuated independently, resulting in positioning 

5 anywhere from zero to the maximum displacement, with resolution equal to the 
displacement of the smallest layer in the stack. The stack may be actuated individually, 
or in combinations of layers. 

It is possible to construct a wide variety of arrays under the concepts of the 
present invention. For example, the cells shown in Fig. 1 are parallel rows of 

10 corrugations, whereas Fig. 2 illustrates parallel rows of flaps. A 2-D arrangement of 
corrugations, flaps and/or membranes is another example of the orientation of the 
polymeric sheets. Also, each cell in a given layer need not be the same dimension as the 
others. It is contemplated to make some corrugations, membranes or flaps smaller or 
differently shaped than others, to limit the total displacement from that layer. 

15 Alternatively, cell dimensions may be varied within one layer so as to have the total 
displacement different on different parts of that layer. During operation of this 
embodiment, the curvature of the sheet would vary, resulting in an orientation change of 
the actuated load or the application of a bending moment to the load. For example, flat 
sheets are employed in a design similar to Fig. 1, the load would be applied on the hook 

20 20 at the bottom of the device. 

Of course, the displacement of each layer need not be the same as that of other 
layers. For example, a stack may be constructed from individual layers designed for 
displacements ranging from less than 5 |im to more than 200 urn. Total displacements, 
which are the sum of the individual layers, can easily exceed 1 mm using a modest 

25 number of layers, with position accuracy of, say, 5 \im or the smallest layer used. 

The polymeric layers 1 3 also include thin metal films 3 1 on the front and back 
surfaces of each sheet, to function as electrodes. Adjacent layers are biased with respect 
to each other, generating large electrostatic forces at the points where the gap 33 
between sheets is small. The gap closes under these forces, beginning at the joints and 

30 "rolling" in toward the center of the cell. Although this sheets of plastic are very 
flexible, elastic force come into play when structure dimensions are a few millimeters or 
less. 

The exact design and dimensions of the array can be varied, depending upon 
whether the goal is maximum output, as measured by force, displacement or work, or 
35 maximum output per unit weight or volume. Fig. 3 illustrates some preliminary 
simulated results, not optimized, to demonstrate the force and displacement of an 
actuator design according to the present invention. A single unit cell 0.5 cm across and 1 
cm along the corrugation, as depicted in Fig. 1 , can generate a force of 1 N at under 60 
volts. Fig. 3 also demonstrates that there is only a small penalty in force as the 
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maximum displacement is increased, further illustrating the broad range of use for the 
present invention. 

As noted above, actuation of the present invention is accomplished 
electrostatically. Each layer is biased relative to the adjacent layere, so that strong 
5 electric fields (and forces) are present near the point where the layers are in contact, or 
where the gap 33 is small. These forces pull the sheets together. Since sufficient forces 
are generated only in the small gap regions, the force does not change significantly as a 
function of displacement. By nature, the electrostatic force between the sheets is 
attractive rather than repulsive. Thus the actuator pulls but does not push. Bi-directional 
10 actuation is achieved by using two actuators working opposite each other. 

Position control in each layer can be achieved either by a two-state scheme 
where each layer is either fully extended or fully collapsed, or by a continuous scheme 
where intermediate positioning is possible by an appropriate choice of geometry and 
applied voltage. 

15 The power source for the actuators of the present invention may be low voltage, 

such as with a battery although a voltage multiplier may be needed in that case. AC and 
DC actuator power supplies exist currently or have been designed for producing power 
for micropump and microvalve applications. Miniaturization of the present invention is 
contemplated for use with such power sources. Fig. 1 illustrates a power connector 37 
and an appropriate control chip 39. In forming the final product using the present 
invention, one or more chips 39 may be embedded in the housing of the actuator as in 
Fig. 1. Contact is to the chips via a snap-on cap or flip chip, or other commonly used 
packaging technology. The dimensions and spacing of the bond pads on each part are 
designed such that no alignment would be needed beyond the snap-on alignment. The 
25 depth of the well for a chip is such that when the cap is snapped in placed, sufficient 
pressure always exists to make a reliable electrical bond. If desired, plating with indium 
or gold can be used to achieve an even more reliable connection through cold welding. 
The housing of the actuator can contain one or more levels of metal interconnects, as in 
a printed circuit board, to route the input from the external connector through the 
30 control circuitry, and finally to the sheets of the actuator. 

Contact is made from an inlet 41, shown in Fig. 2, to the individual sheets 
through flexible plastic lines as in a conventional flex-tape connector. The lines can be 
metalized plastic or conductive polymer, and, in fact, may be cut from the same polymer 
sheet as in the stack layers. Layers can be electrically tied together or can be 
35 individually addressed, depending on the degree of control and sophistication of the end 
use, noting that individual addressing requires more connections so it would involve 
higher cost but finer control when needed. 

The present invention offers new ways of making MEMS not currently available 
to silicon-based MEMS fabrication. The actuator fabrication process has three main 
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steps: fabrication of the individual sheets; bonding the sheets in the desired 
configuration; and attachment of the actuator to a housing. 

The individual sheets can be preformed using low cost processes such as cutting 
or stamping, rather than photolithography and etching. The structures may be defined as 
5 perforated lines rather than cutting them completely free. Then, once all the layers have 
been bonded together, the perforations can be broken, separating the layers, by pulling 
on the ends of the stack. Heat is effective in bonding the sheets together, as would be an 
adhesive, the latter being less preferred because of the increased spacing between layers 
with a resultant reduction in force. 

10 Aluminum or other metal or alloy electrodes and one or more dielectric films, 

such as aluminum oxide or poly-para-xylene, or other suitable organic or inorganic 
dielectrics, are deposited on both sides of each sheet as described above. The conductive 
portion forms the electrode and the dielectric prevents shorting of the electrodes when 
they touch. These films can be patterned using standard patterning techniques, such as 

15 those to make printed circuit boards. The top dielectric layer should produce a 
chemically stable surface with a very low surface energy. This is also helpful in 
controlling stiction. The hydrophobic character of the final layer eliminates humidity 
effects which are the cause of most operational failures in touch-mode electrostatic 
actuators. The level of performance that can be obtained from an electrostatic actuator 

20 depends on the dielectric strength of the material used as a dielectric. 

As will become apparent from the foregoing detailed description, the present 
invention is admirably suited for various applications, such as portable or airborne 
systems where weight is critical, or systems operated remotely over a low power bus 
line. Other operations such as remotely operated ground and water vehicles, robotics, 

25 positioning system shutters, valves and pumps are among the devices contemplated for 
this invention. 

While particular embodiments of the present invention have been illustrated and 
described, it is not intended to limit the invention, except as defined by the following 
claims. 
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CLAIMS 

1 . A microactuator array device, comprising: 

a plurality of generally parallel thin flexible polymer sheets bonded 
together in a predetermined.pattern to form an array of unit cells on at least one layer; 

thin conductive and dielectric films deposited on said sheets to form a 
plurality of electrodes associated with said array of unit cells; 

a source of electric potential operably connecting said electrodes such 
that adjacent layers of electrodes are biased with respect to each other to form actuators, 
whereby electrostatic forces are generated most intensely proximate the point where the 
gap between said sheets is smallest; and 

inlets and outlets for each cell to permit displacement of fluid during 
generation of said electrostatic forces. 

2. The device of claim 1, wherein said plurality of sheets forms a stack of 
layers at least one unit cell per layer. 

3 - The device of claim 2 , wherein said layers are configured such that bi- 
directional activation is caused by pairs of actuators working opposite each other. 

4 - The device of claim 1, wherein at least one of every pair of said sheets 
are preformed into corrugations to provide a predetermined mechanical bias between 
said pairs. 

5 - The dev *ce of claim 1, wherein at least one of every pair of said sheets 
are preformed into flaps to provide a predetermined mechanical bias between said pairs. 

6 - The device of clai m 1, wherein said sheets form curved portions by an 
applied load to provide a displacement between said pairs. 

7 - The device of claim 1, wherein said sheets are from about 1 to about 
100 urn thick and said cells have an individual displacement of from about 5 pm to 
about 200 urn. 

8- A microactuator array device, comprising: 

a plurality of generally parallel thin flexible polymer sheets bonded 
together in a predetermined pattern to form an array of unit cells on at least one layer; 

thin conductive and dielectric film means deposited on said sheets to 
form a plurality of electrode means associated with said array of unit cells; 
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electric potential means for providing a source of electric potential 
operably connecting said electrodes such that adjacent layers of electrodes are biased 
with respect to each other to form actuator means, whereby electrostatic forces are 
generated most intensely proximate the point where the gap between said sheets is 
5 smallest; and 

transfer means for each cell to permit displacement of fluid during 
generation of said electrostatic forces by operation of said electric potential means. 

9. The device of claim 8, wherein said array means are configured such that 
10 bi-directional activation is caused by pairs of actuator means working opposite each 

other. 

10. The device of claim 8, wherein at least one of every pair of said sheets 
are preformed into corrugations to provide a predetermined mechanical bias between 

1 5 said pairs. 

11. The device of claim 8, wherein at least one of every pair of said sheets 
are preformed into flaps to provide a predetermined mechanical bias between said pairs. 

20 12. The device of claim 8, wherein said sheets form curved portions by an 

applied load to provide a displacement between pairs. 

13. The device of claim 8, wherein said sheets are from about 1 \xm to about 
100 jam inches thick and said cells have an individual displacement of from about 5 |im 

25 to about 200 nm. 

14. A method of forming a microactuator array device, comprising the steps 
of: 

depositing thin conductive and dielectric films on said sheets to locate 
30 and pattern a plurality of electrodes associated with said array of unit cells; 

operably connecting a source of electric potential to said electrodes such 
that adjacent layers of electrodes are biased with respect to each other to form actuators, 
whereby electrostatic forces are generated most intensely proximate the point where the 
gap between said sheets is smallest; and 
35 bonding a plurality of generally parallel thin flexible polymer sheets 

together in a predetermined pattern to form an array of unit cells on at least one layer; 

connecting inlets and outlets for each cell to permit displacement of fluid 
during generation of said electrostatic forces. 
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15. The method of claim 14, wherein said plurality of sheets are stacked to a 
stack of at least one unit cell per layer. 

16. The method of claim 15, wherein said layers are configured such that bi- 
5 directional activation is caused by pairs of actuators working opposite each other. 

17. The method of claim 14, wherein at least one of every pair of said sheets 
are preformed into corrugations to provide a predetermined mechanical bias between 
said pairs. 

10 

18. The method of claim 14, wherein at least one of every pair of said sheets 
are preformed into flaps to provide a predetermined mechanical bias between said pairs. 

19. The method of claim 14, wherein said sheets form curved portions by an 
15 applied load to provide a predetermined bias between said pairs. 

20. The method of claim 14, wherein said sheets are formed from about 1 
urn to about 100 urn thick and said cells are formed to have an individual displacement 
of from about 5 \im to about 200 nm. 
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